do not play a role in stereopsis, but reveal that the disparity-selective responses in these areas share at Introduction least some of the characteristics of the local filtering operation that appears to be performed in V1, and that The visual world projects slightly different images on the two retinae. The difference in the horizontal position further processing is required to give rise to depth perception. of these images, binocular disparity, is a powerful depth cue (Howard and Rogers, 1995), as can be seen in ranThe previous studies all implied that at some stage in the hierarchy of visual areas, disparity-selective neurons dom dot stereograms (RDSs). In order to perceive depth in RDSs, the stereo correspondence problem needs to must achieve stereo correspondence by exhibiting selectivity only for cRDSs. This stage, however, has not be solved (Julesz, 1971; Marr and Poggio, 1979) . That is, the visual system has to match features in the left yet been identified. We have previously described an area ( 
disparity coherence (see Experimental Procedures). For the 100% disparity coherence cRDSs, monkey C and monkey H reached performance levels of 98% (858/ 880) and 90% (792/880) correct responses, respectively (Figure 2 ). On the other hand, the monkey's performance for the aRDSs did not differ significantly from chance level (228/440 or 52% for monkey C and 220/440 or 50% for monkey H). As previously demonstrated using flat surfaces (Cumming and Parker, 1997), monkeys clearly fail to perceive disparity-defined 3D shape in aRDSs. Consistent with earlier reports, the psychophysical performance of rhesus monkeys is quite similar to that of human observers when discriminating depth in cRDSs (Harwerth and Boltz, 1979) and aRDSs (Cumming and Parker, 1997) .
We recorded the responses of single TEs neurons in three hemispheres of two juvenile rhesus monkeys (monkey C and monkey J) trained to fixate a small target on a display (correlation/anticorrelation test). The neuron in Figure 3A , recorded in monkey C, responded strongly and selectively to the correlated convex double curved surface (first column), but showed no difference in activity for neither the anticorrelated nor the decorrelated stimuli (second and third column). Clearly, this neuron signaled its preferred depth profile only in the correlated conditions, in which depth could readily be perceived, but failed to do so in conditions in which no depth structure was perceived. The neuron proved to be highly selective for a convex double curved 3D surface ( Figure 3B ). The response to single curved convex surfaces, only along the vertical axis (first column, upper row) or only along the horizontal axis (second column, upper row), was much weaker than to the double curved surface (p Ͻ 0.05). Moreover, the neuron did not reliably signal differences between convex and concave single curved surfaces (p Ͼ 0.05). Hence, in addition to the information provided about the degree of correlation of the random dot patterns between the eyes, this neuron coded for the particular 3D shape of the surface. Figure 4A shows the population peristimulus-time his- between correlated and anticorrelated RDSs did not result from differences in eye movements. Small (0.1Њ) vergence responses were detected to the correlated, tal Procedures). Human observers perceived the correanticorrelated, and decorrelated stimuli ( Figure 4B ) durlated surfaces (right eye and left eye A in Figure 1A) as ing the testing of 20 three-dimenshional shape-selective either concave or convex, whereas no depth could be neurons, which yielded a population PSTH virtually idenperceived in the anticorrelated surfaces (right eye and tical to that in Figure 4A . The difference in average neural left eye B in Figure 1A ). The latter stimuli were perceptuactivity was fully present before a change in eye position ally indistinguishable from a decorrelated stimulus, in could have produced any effect. which the dots were completely uncorrelated between stereograms. The randomly interleaved stimulus preby an attentional modulation of the neural activity in TEs imposed by other brain structures. sentation, however, assured that the monkey could not Figure 5 plots the response differences for the anticorpredict which stimulus would be presented, and prerelated and decorrelated conditions as a function of the vented aspecific changes in the overall level of respondifferential response in the correlated conditions. The sivity from contaminating the results. To assess the posdata points for anticorrelation and decorrelation oversible role of top-down influences in the present study, lapped completely (Wilcoxon matched pairs test, NS), we analyzed the time course of the neural responses to implying that this population of TEs neurons conveyed cRDSs and aRDSs ( Figure 4C ). Significant increases in no more information for the anticorrelated RDS than for neural activity compared to baseline occurred 80-100 the decorrelated RDS. Only four neurons (4.6%) were ms after stimulus onset for both cRDS and aRDSs. Imweakly but significantly modulated by the disparity in portantly, no significant response differences were obthe anticorrelated condition (red symbols in Figure 5 ), served at any point in time for the aRDS (p Ͼ 0.05 for which is no more than expected by chance. Likewise, all bins), whereas for the cRDS, significant response only two neurons (2.3%) showed significant response differences between the preferred and nonpreferred differences in the decorrelation condition. stimulus emerged as early as 120-140 ms after stimulus Prior to the correlation/anticorrelation test, all neurons onset (t test, p Ͻ 0.0002). It is therefore highly unlikely were studied in a position-in-depth test (Janssen et al., that the lack of selectivity for the aRDSs was caused 1999a), which showed that the large majority of the neurons in our sample (73/88, 83%) responded to the spatial variation of disparity, that is, were higher order disparity or 3D-shape selective. Fifteen neurons responded only to the position-in-depth of the stimulus, i.e., were zeroorder disparity selective, analogous to the disparityselective neurons of areas V1, MT/V5, and MST. Even these zero-order TEs neurons, however, were insensitive to the disparity present in the aRDSs (triangles in Figure 5 ). Seventy-three neurons were 3D-shape selective for double curved surfaces. Figure 6 illustrates their 3D shape selectivity for a wider set of 3D stimuli. The normalized response differences between convex and concave single curved vertical 3D shapes are plotted against the normalized response differences between convex and concave single curved horizontal 3D shapes. Clearly, most neurons were sensitive to the direction and/or the combination of the disparity gradients along the surface of the shape. Only a minority of the neurons (9/73, 12%) were selective for both the vertical and the horizontal single curved surfaces and the double curved surface (red filled). Note that some neurons displayed a complex form of selectivity, preferring the convex 3D shape in the double curved surface, but the concave 3D shape in the single curved vertical and horizontal surfaces (black than to the concave surface for every dot size tested The surfaces were identical to the one in the correlation condition boundary (extent of the disparity variation: 0.26Њ). Disparity gradients of the correlation/anticorrelation test and were randomly presented along the horizontal axis result in texture density cues at each point at four positions in depth ranging from ϩ0.5Њ to Ϫ0.5Њ. Prior to the where the disparity value changes (Cobo-Lewis, 1996). We removed testing with aRDSs, both monkeys were trained to psychophysical these texture density borders by randomly eliminating dots in the threshold with 3D surfaces containing different levels of disparity texture density contour, such that the 50% density was restored coherence, which were created by adding random disparities to a over the entire surface of the shape. The anticorrelated stimuli were fraction of the dots (0%-100%) in the stimulus. During this initial derived from the correlated double curved surfaces by inverting the training phase, no aRDSs were presented. After reaching a high contrast polarity of the dots in the left eye image for the concave performance level with the double curved surfaces with varying surface and in the right eye image for the convex surface. In the disparity coherence, both animals were tested with interleaved predecorrelated surface, the random dot patterns in the two eyes were sentations of 100% disparity coherence cRDSs and aRDSs. During uncorrelated. The second member of the decorrelated surface pair all tests, the monkeys were rewarded on 30% of the correctly exewas created by interchanging the monocular images between the cuted trials for cRDSs and aRDSs. In the latter case, the correct two eyes. The mean vertical and horizontal diameter of the stimuli response was determined using the corresponding correlated was 6.3Њ and 6Њ, respectively. A fixation target was superimposed stimulus. on the stimulus. The fixation distance was 86 cm.
In the dotsize test, white and black dots appeared on a gray background, the luminance of which was equal to the mean lumiData Analysis and Tests nance of black and white dots (1.5 cd/m 2 , dot density 25%). The Net neural responses were computed trialwise by subtracting the dot size ranged from 0.032Њ to 0.13Њ. The disparity variation over number of spikes counted in a 400 ms interval immediately precedthe surface was identical to the one in the correlation/anticorrelation ing stimulus onset from the number of spikes in a 400 ms interval test. The center-position test used the 0.064Њ texture pattern of the starting 80 ms after stimulus onset. We searched for responsive dot size test. Only the central area within the shape, corresponding neurons using an initial test with correlated 3D surfaces. Though to 4 standard deviations of the depth profile, was displaced in depth.
highly unlikely, it is theoretically possible that we missed neurons The 3D-shape selectivity of TEs neurons is remarkably vulnerable to that only responded to aRDS but not to cRDS. The conclusions of disparity discontinuities: most TEs neurons do not show significant the present study pertain only to the population of TEs neurons that response differences when curved surfaces contain disparity disresponds selectively to cRDSs. All responsive neurons were tested continuities of 0.5Њ, and some neurons even lose their selectivity for with concave and convex surfaces and monocular presentations of disparity steps as small as 0.064Њ (Janssen et al., 2000b) . Therefore, these stimuli. The significance of 3D shape selectivity was assessed the disparity of this planar central area ranged only from ϩ0.064Њ using ANOVA (p Ͻ 0.05). Subsequently, all neurons showing signifito Ϫ0.064Њ in discrete steps. The outer parts of the shape remained cant response differences between concave and convex were studat zero disparity in all conditions of the test. To quantify the degree of selectivity for single curved vertical and
